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Atomic Stress Propagation Reveals Allosteric Pathways in Proteins
Hari S. Muddana, Andrew T. Fenley, Michael K. Gilson.
University of California San Diego, La Jolla, CA, USA.
Long-range information transfer within proteins, specifically from the substrate
binding site to a distant surface site, plays a vital role in regulation of its activ-
ity. Understanding this allosteric modulation of protein activity is expected to
aid in designing drugs that can achieve high specificity to the target protein.
Exactly how the information is transferred from the allosteric site to the
substrate-binding site is not well understood. We present a novel computational
method based on atomic stresses and molecular dynamics simulation for iden-
tifying allosteric sites and the respective pathways. We demonstrate the method
here using the PDZ domain. Tracing the path with highest stiffness from the
substrate binding site through the protein core revealed a pathway that shows
significant overlap with that previously inferred from evolutionarily conserved
residues, and other computational methods. The method presented here has an
additional advantage of visualizing stress transfer through the protein during
a molecular dynamics simulation, which is likely to provide more insight
into protein allostery.
1086-Plat
Investigating the Role of Interfacial Residues in Mediating the Interdo-
main Allostery of Hsp70
Ignacio General, Ivet Bahar.
University of Pittsburgh, Pittsburgh, PA, USA.
The heat shock protein 70 (Hsp70) family serves as molecular chaperones
that play several critical roles in the cell, such as quality control of protein
folding and regulation of intracellular trafficking. The versatile functions of
Hsp70 rely on the allosteric interaction between its two domains: nucleotide
binding domain (NBD) and substrate binding domain (SBD). They undergo
very large conformational changes as the systems performs its functions,
going through open/closed conformations of the SBD upon unbinding/bind-
ing of a substrate, and coupling/uncoupling of the two domains upon ATP
hydrolysis.
Understanding the interdomain allostery of Hsp70 is key to rational design of
inhibitors, yet the mechanism of allostery remains a challenging problem.
The Perturbation Response Scanning, PRS, method provides a graph theoret-
ical approach to investigate the dynamical basis of signal transduction in pro-
teins. This method involves the study of the response of each aminoacid to
a perturbation on a given aminoacid of the system. In the present study we
build upon our previous examination of the system1 and discuss the applica-
tion of PRS, via elastic network models, to investigate allosteric interactions
between the two domains of Hsp70. Here we analyze the covariance in the
movements of different structural elements, to show how the perturbation
of the interfacial interactions propagates across the two domains. The analy-
sis sheds light on pathways that dynamically mediate the allosteric commu-
nication between the highly conserved or co-evolving sites. An all-atom
molecular dynamics study shows the differences between the ATP- and
ADP-bound structures of Hsp70, and provides insight into the physical forces
that underlie those pathways, thus reconciling the predictions based on net-
work connectivity considerations and the simulations performed with full
atomic potentials.
1Liu, Y. Gierasch, L. M. and Bahar, I. Plos Comp Biol 6:1-15 (2012)
1087-Plat
Investigation on Structure and Dynamics of Heterodimeric SAM:SAM
Complexes using Micro-Second Molecular Dynamics Simulations
Liqun Zhang, Matthias Buck.
Case Western Reserve University, Cleveland, OH, USA.
The sterile alpha motif (SAM) for protein-protein interactions is encountered in
over 200 proteins. But the structure and the binding dynamics are just becoming
clear. We analyzed the structure and dynamics of the EphA2-SHIP2 SAM:
SAM heterodimeric complexes using micro-second molecular dynamics
simulations. Starting from three different initial configurations that had been
suggested by experimental NMR restraints for the complex by our group, sev-
eral mutants were built to stabilize specific configurations. Compared to the
original SAM:SAM complexes, the mutated complexes showed a preference
for alternate structures in the simulations. Analyzing the binding behavior of
the protein complex, we found that both the mutant residues and the initial
structure of the complex can influence the stability of the protein complex.
Mutations also frequently cause protein complex separation. During the sepa-
rating process of two SAM proteins, the contacting surfaces first experienced
a conformational change, which led to unfavorable electrostatic interactionsbetween proteins. We are investigating the role of water molecules in the sep-
aration process. To our knowledge this is the first time protein-protein dissoci-
ation has been simulated extensively at the all atom-level.
1088-Plat
Multi-Resolution Simulation in Biochemistry: Methodological Issues and
Exploration of Peptide Folding and the Origins of Differential Catalysis
Observed between Two Structurally Similar Enzymes
Wilfred F. van Gunsteren.
ETH Zu¨rich, Zu¨rich, Switzerland.
Theoretical-computational modelling with an eye to explaining experimental
observations in regard to a particular chemical phenomenon or process requires
choices concerning essential degrees of freedom and types of interactions and
the generation of a Boltzmann ensemble or trajectories of configurations.
Depending on the degrees of freedom that are essential to the process of inter-
est, e.g. electronic or nuclear versus atomic, molecular or supra-molecular,
quantum or classical-mechanical equations of motion are to be used. In
multi-resolution simulation, various levels of resolution, e.g. electronic,
atomic, supra-atomic or supra-molecular, are combined in one model. This
allows an enhancement of the computational efficiency, while maintaining suf-
ficient detail with respect to particular degrees of freedom. The basic challenges
and choices with respect to multi-resolution modelling are reviewed and as
illustrations the reversible folding of polypeptides and the differential catalytic
properties of two enzymes with similar folds but different substrates with re-
spect to these substrates are explored using multi-resolution simulation at the
electronic, atomic and supra-molecular level of resolution.
www.igc.ethz.ch and www.gromos.net
1089-Plat
Structural Basis of How Ferric Binding Proteins Utilize pH Differences for
Controlled Release of Iron
Canan Atilgan, Gokce Guven, Ali Rana Atilgan.
Sabanci University, Istanbul, Turkey.
Human transferrin (hTF) binds and delivers Feþ3 to cells; lowered pH within
the endosome (5.6) is implicated in the controlled release of bound ions [1].
Although the kinetics of the process is well studied, detailed molecular mech-
anisms at work are unknown. Bacterial transferrin, also known as ferric binding
protein(FBP), is involved in scavenging iron from hTf [2]. These host/pathogen
iron uptake proteins are thought to be distantly related through divergent evo-
lution from an anion binding function; FBP displays similarity to one of the iron
binding lobes of hTf in structural fold and highly conserved set of iron-
coordinating residues.
Perturbation response scanning (PRS) takes advantage of the differences be-
tween ligand-bound/unbound conformations to decipher residues having a di-
rect effect on binding mechanisms [3]. PRS on apo and holo forms of FBP
implicates D52, a charged residue located ca. 30 A˚ from the bound ion, as play-
ing a crucial role in ion release. Using pKa calculations [4] we find D52 is the
most sensitive to subtle pH variations in the physiological range. The effect of
protonation and D52A mutation in both the apo and holo forms was investi-
gated via a series of molecular dynamics simulations. Only in the protonated
and D52A holo FBP is an hinge motion triggering opening of the iron binding
site observed. Our results lend clues as to how a single residue may be utilized
for pH regulation of protein binding modes in iron transport proteins such as
FBP and hTf.
1.Steere et al., Biochim. Biophys. Acta, 1820, 326 (2012)
2.Noinaj et al., Nature, 483, 53 (2012)
3.Atilgan and Atilgan, PLoS Comput Biol 5, e1000544 (2009)
4.Kantardjiev and Atanasov, Nucl. Acids Res., 37, W422 (2009)
5.Parker-Siburt et al., Biochim. Biophys. Acta, 1820, 326 (2012)
1090-Plat
Integrating Genomic Information with Molecular Simulation for Protein
Dynamics
Alexander Schug1, Abhinav Verma1, Martin Weigt2, Hendrik Szurmant3.
1Karlsruhe Institute of Technology, Eggenstein-Leopoldshafen, Germany,
2Universite´ Pierre et Marie Curie, Paris, France, 3The Scripps Research
Institute, La Jolla, CA, USA.
Protein function often requires a protein to form a complex or adopt multiple
conformations during its function cycle. Structural characterization of these
states is experimentally difficult as they are typically stabilized by transient in-
teractions. Here, we demonstrate how a mixed theory approach can predict such
structures on the example of two-component signal transduction systems
(TCS), a ubiquitous signal response system. We predicted the TCS complex
structure in high agreement (3.5 RMSD) with concurrent experimental work
[1] by combining molecular dynamics [2] and statistical genomic analysis
[3]. Similarly, we were able to predict the active conformation occurring during
Monday, February 4, 2013 213aautophosphorylation by identifying co-evolving interdomain amino acid pairs
in agreement with biochemical mutagenesis data [3]. We can now simulate
the conformational transition between active and inactive conformations, quan-
tify its free-energy barrier and its change as reaction to transmembrane forces
exercised by the sensor domain. (unpublished data)
References
[1] Schug A et al., High-resolution protein complexes from integrating genomic
information with molecular simulation, Proc Nat Acad Sci USA (2009) 106,
22124-22129
[2] Schug A and Onuchic J, From protein folding to protein function and bio-
molecular binding by energy landscape theory, Curr Opin Pharm (2010) 10,
709-714
[3] Weigt M et al., Identification of direct residue contacts in protein-protein
interaction by message passing, Proc Nat Acad Sci USA (2009) 106, 67-72
[4] Dago A et al., Structural basis of histidine kinase autophosphorylation de-
duced by integrating genomics, molecular dynamics, and mutagenesis, Proc
Nat Acad Sci USA (2012), 109: E1733-42
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MD Simulations of KirBac1.1 Mutants Reveal Gating Changes at the
Bundle Crossing Region
Anna Weinzinger.
University of Vienna, Vienna, Austria.
Inwardly rectifying potassium (Kir) channels play important physiological
roles in a variety of cells including heart rate, insulin secretion or fluid balance.
Their importance is further illustrated by the fact that inherited mutations are
linked to diseases including Andersen Tawil Syndrome, Bartter syndrome or
neonatal diabetes. Their activity is controlled by dynamical conformational
changes that regulate ion flow through the central pore of Kir channels. Under-
standing the dynamical rearrangements of Kir channels during activation gating
requires not only high-resolution structure information from channels crystal-
lized in different conformations but insight into the transition steps. Guided
by mutations that are known to increase channel activity (1), molecular dynam-
ics simulations of the WT KirBac1.1 crystal structure and the G143E mutant
have been performed. Full atomistic MD simulations revealed that introducing
a glutamate in position 143 causes significant widening of the pore. In all our
simulations the bundle crossing opened to 17 A˚ compared to the WT. Compar-
ison of the mutant KirBac1.1 with the open structure of KirBac3.1 reveals that
the pore radius reaches identical values. Furthermore the global rearrangements
including a rotation and a bending of the lower part of TM2 are identical in both
structures, suggesting that the final structure of the G143E mutant after 60 ns
represents an open conformation. Simulations further revealed that deprotona-
tion is essential for channel opening. This is further supported by investigations
with non-charged amino acids in this position, which do not lead to channel
opening on the nanosecond time scale.
(1) Paynter, J. J., Andres-Enguix, I., Fowler, P. W., Tottey, S., Cheng, W., Enk-
vetchakul, D., Bavro, V. N., Kusakabe, Y., Sansom, M. S. P., Robinson, N. J.,
Nichols, C. G., and Tucker, S. J. (2010) J. Biol. Chem 285, 40754-40761.
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Nanosecond-Timescale Dynamics of the Viral RNA-Dependent RNA
Polymerase as a Determinant of Incorporation Fidelity
Ibrahim M. Moustafa1, Victoria S. Korneeva1, Jamie J. Arnold1,
Eric D. Smidansky1, Laura L. Marcotte2, Xiaorong Yang1,
Maria A. Sanchez Farran1, Janna K. Maranas1, David D. Boehr1,
James M. Hogle2, Coray M. Colina1, Craig E. Cameron1.
1The Pennsylvania State University, State College, PA, USA, 2Harvard
Medical School, Boston, MA, USA.
The viral RNA-dependent RNA polymerase (RdRp) is required for replication
of the genomes of RNA viruses. While many organisms may have evolved to
make few mistakes during genome replication, RNA viruses appear to need ge-
netic diversity for maximal fitness. This genetic diversity is created by the nu-
cleotide misincorporation frequency of the RdRp. Perturbations in RdRp error
rate therefore exhibit an antiviral effect. We have discovered a mutant poliovi-
rus with a mutator phenotype caused by the change of His-273 of its RdRp to
Arg. Kinetic experiments reveal an increase in the equilibrium constant for
a conformational-change step that has been shown to be a major checkpoint
for RdRp fidelity. The crystal structure of this derivative was unable to explain
the biochemical observations. However, all-atom molecular dynamics (MD)
simulations on the nanosecond timescale showed altered dynamics of the
H273R derivative relative to the WT enzyme. By analyzing the conformational
space sampled by the dihedrals of RdRp residues, we have identified RdRp res-
idues whose dynamics correlate directly with fidelity. These residues lead to
enhanced conformational flexibility of the active site of the low-fidelity
H273R enzyme and diminished flexibility of the high-fidelity G64S enzyme
studied previously. In general, the findings from MD simulations are supportedby solution-state NMR experiments. Collectively, these experiments provide
additional support for the existence of a network of RdRp residues whose dy-
namics control conformational changes at the active site required for incorpo-
ration fidelity. We suggest that small molecules which interfere with network
dynamics should exhibit antiviral activity.
Platform: Cell Mechanics & Motility I
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Self-Propelled Particle Motion of Cells in Tissues
Sriram Manivannan, Jason P. Gleghorn, Jacquelyn M. Nestor,
Yannis G. Kevrekidis, Celeste M. Nelson.
Princeton University, Princeton, NJ, USA.
Collective migration of cells has been identified in a number of biological pro-
cesses including organ morphogenesis, tumor invasion, and wound healing.
The mechanisms underlying initiation and maintenance of a collectively mov-
ing population of cells in the absence of external stimuli are unclear. Here we
show that epithelial cells confined within monolayers can spontaneously orga-
nize and undergo rotational collective motion. We created artificial tissues us-
ing microlithography-based techniques and, in combination with time-lapse
imaging and pseudo-automated cell tracking algorithms, we visualized the
movements of cells within these tissues. We found that the coherence of group
rotation is affected by the size and shape of the tissue. In addition, we found that
disturbances within tissues, such as those resulting from cytokinesis, are able to
switch the direction of rotation of cells. These collective motions emerged even
in tissues that were treated with pharmacological agents to disrupt cell-cell con-
nections. Using analytical agent based computer simulations, we found that
cells within these tissues behave not as pure random walk particles, but instead
as Vicsek-Czirok type self propelled, interacting particles; bearing some anal-
ogy to coherent motion of birds within a flock or fish within a school. These
results indicate that basic principles of collective motion that govern animal be-
havior may be relevant in cellular motion. An improved understanding of these
underlying principles will benefit future studies of collective cell migration.
1094-Plat
Cellular Membrane Tether (Nanotube) Retraction, Mobility, and
Coalescence
Jin-Yu Shao, Baoyu Liu.
Washington University in St. Louis, Saint Louis, MO, USA.
During leukocyte rolling on the endothelium, membrane tethers (nanotubes)are
extracted simultaneously from both leukocytes and endothelial cells because of
the force imposed by the blood flow. Tether extraction has been shown to sta-
bilize leukocyte rolling by increasing the lifetime of the adhesive selectin-
ligand bonds that mediate leukocyte rolling. Over the past two decades, tether
extraction has been studied extensively, both experimentally and theoretically.
In contrast, much less is known about tether retraction. Tether retraction may
occur in several occasions. For example, upon the breakage of the selectin-
ligand bonds during leukocyte rolling, extracted tethers may retract back to
the cells. In addition, during simultaneous tether extraction (two tethers, one
from a leukocyte and the other from an endothelial cell, linked in series by
receptor-ligand bonds), one tether will retract when the pulling force falls be-
low the larger threshold force. In this work, with the micro-cantilever technique
where latex beads affixed on silicon cantilevers were used as the force trans-
ducer, we extracted tethers either perpendicular or tangential to the neutrophil
surface. Little movement of the tether-cell junction was observed during tan-
gential tether extraction and no coalescence was observed during multiple
tether extraction. Following adhesion rupture, spontaneous tether retraction
was visualized by membrane staining, which revealed two phases: one was
fast and exponential, whereas the other was slow and linear. Both phases can
be reproduced with a mechanical model, showing that the first phase was dom-
inated by elastic deformation recovery and the latter slow phase was driven by
the far-field membrane tension on the cell body and the membrane-
cytoskeleton adhesion. These results show for the first time how neutrophil
tethers shorten upon instantaneous force removal and illustrate further how
membrane tethers contribute to neutrophil rolling stability during the inflamma-
tory response.
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Three-Dimensional Dynamics of a Eukaryotic Flagellum Revealed by
High-Speed Holographic Microscopy
Laurence G.Wilson1, LucyM. Carter2, Wilson C.K. Poon2, Sarah E. Reece2.
1The Rowland Institute at Harvard, Cambridge, MA, USA, 2The University
of Edinburgh, Edinburgh, United Kingdom.
Understanding the mechanics of the eukaryotic flagellum is a key challenge in
biophysics. As well as being of scientific interest, there are clear therapeutic ap-
plications, not least in reproductive medicine. The physics of swimming sperm
